This report assesses the possible formation of this adduct by peroxidatic activation of N-acetylbenzidine (ABZ). Adduct formation was measured by 32 P-post-labeling. Ram seminal vesicle microsomes were used as a source of prostaglandin H synthase (PHS). The peroxidatic activity of PHS was compared with that for horseradish peroxidase. Both peroxidases converted ABZ to dGp-ABZ whether DNA or 2Ј-deoxyguanosine 3Ј-monophosphate (dGp) was present. Following 32 P-post-labeling, the enzymatic and synthetic adduct were extracted from PEI-cellulose plates and were shown to have the same HPLC elution profiles for the bisphosphate adduct ( 32 P-dpGp-ABZ). Treatment of the enzymatic and synthetic bisphosphate adduct with nuclease P 1 yielded a product that eluted at the same time from the HPLC ( 32 P-dpG-ABZ). Additional experiments demonstrated that the PHS-derived 5Ј-monophosphate (dpG-ABZ) and 3Ј-monophosphate (dGp-ABZ) adducts were also identical to their corresponding synthetic standard. With comparable amounts of total ABZ metabolism, PHS produced~40-fold more dGp-ABZ than horseradish peroxidase (1943 ⍨ 339 versus 49 ⍨ 7.8 fmol/mg dGp). Adduct formation was dependent upon the presence of peroxidase and the specific substrate, i.e. arachidonic acid or H 2 O 2 . Adduct formation by PHS was inhibited by indomethacin (0.1 mM), ascorbic acid (1 mM) and glutathione (10 mM), but not by 5,5-dimethyl-1-pyrroline N-oxide (DMPO) (100 mM), a radical scavenger. Horseradish peroxidase adduct formation was also inhibited by ascorbic acid and glutathione. In addition, DMPO elicited greater than a 96% inhibition. Results demonstrate peroxidatic metabolism of ABZ to form dGp-ABZ. The mechanism of dGp-ABZ formation by PHS and horseradish peroxidase may be different.
Introduction
The high incidence of bladder cancer among smokers and workers in dye, rubber and chemical industries is associated with their exposure to aromatic amines (1, 2) . Nitro-polycyclic *Abbreviations: dGp-ABZ, NЈ-(3Ј-Monophospho-deoxyguanosin-8-yl)-Nacetylbenzidine; ABZ, N-acetylbenzidine; PHS, prostaglandin H synthase; dGp, 2Ј-deoxyguanosine 3Ј-monophosphate; DMPO, 5,5-dimethyl-1-pyrroline N-oxide; DETAPAC, diethylenetriaminepenta-acetic acid; dpG, 2Ј-deoxyguanosine 5Ј-monophosphate; SDS, sodium dodecyl sulfate.
911 aromatic hydrocarbons present in motor vehicle exhaust are reduced to their N-OH arylamine derivatives and are an additional source of aromatic amines in our environment (3) . Aromatic amine-DNA adducts are among a large variety of metabolites observed in human tissues. These adducts can serve as genotoxic lesions, resulting in mutations in various bacterial and mammalian test systems in vitro and in oncogenes of tumors induced by aromatic amines. The DNA adduct of 4-aminobiphenyl found in bladder is higher in smokers than non-smokers, and correlates with the greater risk of developing urinary bladder cancer in smokers than non-smokers (4) . Thus, DNA adducts can be used as biomarkers and biomonitors of exposure, and used to assess the risk of developing cancer.
Chemical and biological characteristics of a number of aromatic amine DNA adducts have been determined. Electrophilic aromatic amine metabolites covalently bind to nucleophilic sites on deoxyguanosine and deoxyadenosine bases. The C-8 adduct of deoxyguanosine is the most common. Substitution also occurs at C-8 of deoxyadenosine, N 2 of deoxyguanosine, O 6 of deoxyguanosine, and N 6 of deoxyadenosine (5) . When the C-8 deoxyguanosine arylamine adducts of
NЈ-hydroxy-N-acetylbenzidine, N-hydroxy-4-aminobiphenyl, N-hydroxy-2-aminofluorene and N-hydroxy-2-naphthylamine
were assessed in Salmonella typhimurium, a comparison of adduct levels to reversion frequencies indicated that the extent of mutation induction was highest for NЈ-hydroxy-N-acetylbenzidine (6) . Mutations detected with this strain were either -2 or -1 frameshifts. Mutations induced by these chemicals in plasmid pBR322 transfected into SOS-induced Escherichia coli demonstrated a similar mutation frequency per adduct for NЈ-hydroxy-N-acetylbenzidine and N-hydroxy-4-aminobiphenyl (7). Both chemicals caused G→T and G→C transversions, and -G deletions were detected at low frequency. In Chinese hamster ovary cells, NЈ-hydroxy-N-acetylbenzidine mediated induction of mutations in the hypoxanthanine-guanine phosphoribosyl transferase locus and the formation of sister chromatid exchanges correlated with NЈ-(deoxyguanosin-8-yl)-N-acetylbenzidine (8) . These aromatic amine adduct-induced genetic alterations are thought to cause DNA conformational changes (9, 10) .
In whole animal studies, mouse liver tumors induced by benzidine and 4-aminobiphenyl contained mutations in ras proto-oncogenes. B6C3F1 mice tumors all showed a high proportion of GC→AT transitions in the first base of codon 61 of Ha-ras (11) . Benzidine produces chromosomal aberrations in mouse liver (12) . Each of these genetic alterations elicited by benzidine was attributed to NЈ-(deoxyguanosin- 8-yl 
Benzidine is associated with the development of bladder cancer in occupationally-exposed humans (1, 13) . Benzidine is rapidly acetylated in rodents and humans to N-acetylbenzidine (ABZ*) and N,NЈ-diacetylbenzidine (14) . NADPH-dependent oxidation of N-acetylated derivatives occurs with rat and mouse liver microsomes (15, 16) . β-Naphthoflavone treatment increased rat liver metabolism of both N-acetylated benzidine analogues with cytochrome P450 1A1/1A2 being mainly responsible (16) . Rats, mice or hamsters administered either benzidine or ABZ exhibited only a single liver adduct, NЈ-(deoxyguanosin-8-yl)-N-acetylbenzidine (17, 18) . This is also the major adduct detected in rat liver following administration of N,NЈ-diacetylbenzidine (18) and in exfoliated bladder cells from workers exposed to benzidine (19) . One possible mechanism of NЈ-(deoxyguanosin-8-yl)-N-acetylbenzidine formation may involve cytochrome P450 oxidation of ABZ to NЈ-hydroxy-N-acetylbenzidine with subsequent O-acetylation to its unstable N-acetoxy ester, which reacts with DNA to form the adduct.
This study considers peroxidation as an alternative mechanism for NЈ-(deoxyguanosin-8-yl)-N-acetylbenzidine formation. Prostaglandin H synthase (PHS) exhibits peroxidatic activity (20) , oxidizes a variety of aromatic amine carcinogens, including benzidine (21) (22) (23) , and is present in bladder (22, 24, 25) . In dog bladder, PHS has been proposed to generate deoxyguanosine adducts following activation of benzidine or 2-naphthylamine (25, 26) . Human bladder cells have been recently shown to peroxidatically activate N-OH-4-acetylaminobiphenyl to form DNA adducts (27) . ABZ is metabolized by both PHS and horseradish peroxidase with peroxidatic metabolism eliciting mutations in Salmonella typhimurium (28, 29) . ABZ is the major metabolite in human liver slices incubated with benzidine and the major urinary metabolite of workers exposed to benzidine (19, 30) . Thus, bladder cells that contain PHS are exposed to ABZ. This study assessed the possible direct peroxidatic activation of ABZ to bind DNA and form NЈ-(deoxyguanosin-8-yl)-N-acetylbenzidine, which was measured as its 3Ј-monophosphate analogue. P]bisphosphate adduct (dpGp-ABZ) recovered from PEI-cellulose plates, using solvent system 1. (A) was derived from PHS incubations, while (B) represents the same sample after nuclease P 1 treatment to form dpG-ABZ. acetic acid (DETAPAC), proteinase K, DNA (calf thymus, type I), 2Ј-deoxyguanosine 3Ј-monophosphate (dGp), 2Ј-deoxyguanosine 5Ј-monophosphate (dpG), micrococcal nuclease (EC 3.1.31.1), and potato apyrase (grade I; EC 3.6.1.5) were purchased from Sigma Chemical Co. (St Louis, MO). Nuclease P 1 (EC 3.1.30.1), spleen exonuclease (EC 3.1.16.1) and T4 polynucleotide kinase (EC 2.7.1.78) were from Boehringer Mannheim (Indianapolis, IN). 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was obtained from Aldrich Chemical Co., Milwaukee, WI. The NЈ-(3Ј-monophospho-deoxyguanosin-8-yl)-N-acetylbenzidine (dGp-ABZ) standard was prepared as previously described (32) . Ultima-Flo AP was purchased from Packard Instruments (Meriden, CT). Seminal vesicle microsomes were prepared as previously described (33) .
Materials and methods

Materials
Metabolism of ABZ by PHS
[ 3 H]ABZ (0.06 mM) was added to 100 mM phosphate buffer pH 7.4, containing 1 mg/ml ram seminal vesicle microsomes (PHS), 1 µg/ml hematin, 1.0 mM DETAPAC and 1 mg/ml DNA or dGp, in a total volume of 0.25 ml (34). The reaction was started by the addition of 0.2 mM arachidonic acid and incubated at 37°C for 10 min. Blank values were obtained in the absence of either microsomes or arachidonic acid. The reaction was stopped by placing on ice, and extracted twice with 2 vol. of ethyl acetate. The aqueous fraction containing either DNA or dGp was processed as described below.
Metabolism of ABZ by horseradish peroxidase
The reaction mixture (0.25 ml) contained 0.06 mM [ 3 H]ABZ, 10 µg/ml horseradish peroxidase and 1 mg/ml DNA or dGp, in phosphate buffer, pH 7.4, 1.0 mM DETAPAC (35) . H 2 O 2 (0.1 mM) was added to start the reaction, and the incubation was continued at 37°C for 10 min. Blank values were obtained in the absence of either peroxidase or H 2 O 2 . Samples containing either DNA or dGp were processed as described below. Incubations contained 1 mg/ml dGp and are described in the Materials and Methods section. These enzyme catalyzed reactions achieved 10-20% metabolism of ABZ. ND ϭ not detected.
Preparation of DNA adduct DNA was precipitated following addition of 2 vol. of ethanol, adjusting the concentration of NaCl to 0.25 M, and incubating overnight at -20°C (32). DNA was purified using a proteinase K (1 mg/ml)-detergent [1% sodium dodecyl sulfate (SDS)] digestion followed by extraction with phenol and chloroform:isoamyl alcohol (24:1). The resulting DNA was treated with ribonuclease A and T1, and extracted with phenol. NaCl and ethanol were added to precipitate DNA overnight at -20°C. Purity and quantitation of DNA were determined by absorbance at 260 and 280 nm. A ratio of A 260 /A 280 of 1.7 was achieved for each sample. DNA samples were enzymatically hydrolyzed to dGp adducts by digestion with micrococcal nuclease and spleen phosphodiesterase (36) .
Preparation of dGp adducts
Enrichment of the adduct from unmodified nucleotides was achieved with nbutanol extraction (37) . The aqueous fraction was made to 1 mM with respect to tetrabutylammonium chloride and extracted with an equal volume of nbutanol. Three n-butanol extractions were pooled, back extracted with water twice, evaporated using a speed vac, and dissolved in 0.05 ml distilled water. An aliquot was assayed for adduct formation using 32 P-post-labeling.
Adduct analysis by 32 P-post-labeling
The dGp adducts were analyzed by 32 P-post-labeling as previously described (32, 36) . Labeled adducts were separated on PEI-cellulose sheets using the following multi-component solvent systems: D-1 ϭ 1. of radioactivity from TLC spots and the specific activity of ATP, and expressed as fmol per mg DNA or dGp. Authentic dGp-ABZ was prepared as previously described (32) . A corresponding standard was prepared by incubation of NЈ-hydroxy-N-acetylbenzidine with either DNA or dGp. The peroxidase-derived adduct was compared with authentic standard by its migration on PEI cellulose plates and elution profile on HPLC. Further comparisons were made by HPLC analysis following treatment of samples and standard with nuclease P 1 to form the 5Ј-monophosphate nucleotide analogue (38) .
Adduct analysis by HPLC
Adducts were assessed using a Beckman HPLC with System Gold software, which consisted of a 5 µm, 4.6ϫ150 mm C-18 ultrasphere column attached to a guard column. The mobile phase of solvent system 1 contained 20% methanol in 20 mM phosphate buffer (pH 5.0), 0-2 min; 20-33%, 2-8 min; 33-40%, 8-15 min; 40-80%, 15-22 min; flow rate 1 ml/min. Radioactivity in HPLC eluents was measured using a FLO-ONE radioactive flow detector. Some fractions were also collected for 32 P-post-labeling.
Results
DNA adduct formation was monitored following incubation of [ 3 H]ABZ with a complete PHS reaction mixture. Either DNA or dGp was included in the reaction mixtures (Figure 1 ). TLC conditions were optimized using synthetic dGp-ABZ as previously described ( Figure 1A ) (32) . With ram seminal vesicle microsomes, the same adduct was observed whether DNA or dGp was present ( Figure 1B and C) . This adduct corresponded to synthetic standard ( Figure 1A) . In incubations without microsomes or arachidonic acid, this adduct was not detected ( Figure 1D ). Horseradish peroxidase metabolism of ABZ also yielded an adduct that corresponded to this standard ( Figure 1E and F) .
The 32 P-post-labeled adducts were further evaluated by elution from PEI-cellulose plates, and analyzed by HPLC (Figure 2 ). Each sample was investigated with and without nuclease P 1 treatment, which converts the bisphosphate adduct to its 5Ј-monophosphate analogue. With PHS and horseradish peroxidase, the single peak was observed at 16 min, which corresponded to the bisphosphate adduct (Figure 2A) . The latter was converted to an additional peak at 21 min with nuclease P 1 treatment ( Figure 2B ). With increasing time of nuclease incubation, all the radioactivity at 16 min was converted to the 21-min peak. Identical results were observed Fig. 3 . Illustrated are the proposed pathways involved in benzidine-initiated bladder carcinogenesis. Benzidine is N-acetylated and then NЈ-glucuronidated in human liver. ABZ NЈ-glucuronide is transported by the circulation to the kidney and excreted into the bladder lumen. ABZ NЈ-glucuronide is hydrolyzed to ABZ by acidic urine, and ABZ is transported into the urothelium. ABZ is activated by PHS to form dGp-ABZ, which may cause mutations that eventually result in tumor formation.
when synthetic dGp-ABZ standard was analyzed with and without nuclease P 1 treatment.
The adduct derived from PHS metabolism was also further examined to insure that it was identical to the synthetic standard. Because the adduct represents Ͻ1% of total recovered radioactivity, direct HPLC analysis of the reaction mixtures was not sufficiently sensitive to allow detection. For this reason, large reaction mixtures were extracted with n-butanol, concentrated, and then further analyzed by HPLC (Table I) . To assess the elution profile of the authentic 5Ј-monophosphate adduct analogue, 2Ј-deoxyguanosine-5Ј-monophospate (dpG) was substituted for dGp in reaction mixtures with seminal vesicle microsomes. The [ 3 H]dpG-ABZ derived from PHS incubations (column 1) correlated with the HPLC peak fraction (no. 23) derived from nuclease P 1 treatment of the 32 P-postlabeled bisphosphate adduct standard of dGp-ABZ (column 2). Furthermore, the adduct derived from DNA or dGp incuba-tions was subjected to HPLC analysis and fractions collected for 32 P-post-labeling. [ 3 H]dGp-ABZ derived from PHS incubations eluted in HPLC peak fraction no. 25 (column 3). Fractions recorded in column 3 were subjected to 32 P-post-labeling, and the radioactivity in the bisphosphate adduct ( 32 P-dpGp-ABZ) was eluted from PEI-cellulose plates and is shown in column 4. The radioactive HPLC peak fraction for PHS-derived adduct was the same in both columns 3 and 4. Synthetic adduct standard exhibited an HPLC elution profile identical to peroxidatically-derived adduct (columns 3 and 4) (not shown).
The mechanism of adduct formation by PHS and horseradish peroxidase was evaluated using incubation conditions that gave comparable amounts of total metabolism (10-20% metabolism of ABZ) (Table II) . For PHS microsomal incubations, adduct formation was not detected in the absence of arachidonic acid or microsomes (not shown). Indomethacin (0.1 mM) and ascorbic acid (1 mM) elicited greater than a 99% inhibition of adduct formation. Adduct formation was reduced by 84% with glutathione (10 mM), while DMPO (100 mM) had no effect. Adduct formation observed with horseradish peroxidase was only 2.5% that observed with PHS. Horseradish peroxidase metabolism required enzyme and H 2 O 2 , and was completely inhibited by glutathione. Adduct formation with ascorbic acid and DMPO represented 12.6 and 3.3%, respectively, of the values observed with the complete reaction mixture.
Discussion
This study demonstrates ABZ activation by peroxidases to form dGp-ABZ. While previous studies have established peroxidase metabolism of ABZ with concomitant mutagenesis (28, 29) , no adduct formation was demonstrated. The peroxidase-derived adduct was found to be identical to authentic dGp-ABZ by use of multiple chromatographic techniques. While quantitative differences in adduct formation occurred, both PHS and horseradish peroxidase produced dGp-ABZ.
Considerably more adduct was produced with PHS than horseradish peroxidase. Reaction conditions for both peroxidase reactions were adjusted to achieve~10-20% metabolism of ABZ. Therefore, one might have expected similar amounts of adduct to be formed by both enzymes. The quantitative difference in adduct formation would not appear to be because of differences in the reaction conditions since both conditions seem quite similar. However, the reactants formed by these peroxidases may be different and thus contribute to different rates of adduct formation.
The two-electron oxidation product of benzidine, benzidinediimine, has been shown to be responsible for peroxidasemediated formation of N-(deoxyguanosin-8-yl)-benzidine (25, 39) . Benzidinediimine is thought to be formed by successive one-electron oxidations generating the cation radical and diimine (28, 40, 41) . Two-electron oxidation products could also be formed by disproportionation of the initial free radical (42) . Diimine also reacts with glutathione to form a thioether conjugate, 3-(glutathion-S-yl)-benzidine (35, 43) . Glutathione prevents benzidinediimine and peroxidase-mediated benzidine binding to DNA (39, 44) . Thus, the two-electron oxidation product of benzidine is thought to be responsible for peroxidase-mediated macromolecular binding and can be formed by several different mechanisms.
While formation of the two-electron oxidation product of ABZ has not been demonstrated, experimental results are consistent with this product reacting to form dGp-ABZ. DMPO is a thiyl and carbon-centered radical scavenger (45) . DMPO does not effect PHS-mediated benzidine binding to DNA (34) or benzidinedi-imine thioether conjugate formation (35) . This compound had little effect on ABZ metabolism by PHS, but dramatically prevented adduct formation by horseradish peroxidase (Table II) . Glutathione, which reacts with the twoelectron oxidation product of benzidine to prevent DNA binding (35) , caused inhibition of dGp-ABZ formation by both peroxidases. HPLC results suggest the formation of an ABZ thioether conjugate. In addition, both glutathione and ascorbic acid may function as reducing agents and convert products back to ABZ and/or as co-substrates and compete with ABZ for metabolism (46) . Ascorbic acid reduces both the twoand one-electron products of benzidine back to benzidine (35, 40, 41, 43) and prevents peroxidase-activated benzidine from binding to DNA (34) . Ascorbic acid may function in a similar manner for peroxidatic metabolism of ABZ. Indomethacin, a non-steroidal anti-inflammatory compound, inhibited synthase, but not horseradish peroxidase metabolism. Nonsteroidal anti-inflammatory drugs inhibit heterocyclic amineinduced bladder cancer in rats (47, 48) . Results are consistent with PHS eliciting a two-electron oxidation of ABZ, while horseradish peroxidase elicits a one-electron oxidation. While the two-electron product of ABZ may react directly to form adduct, the one-electron product must be converted to the twoelectron product before adduct formation.
Previous studies have demonstrated that PHS catalyzes both a one-and two-electron oxidation of acetaminophen (49) . In contrast, horseradish peroxidase catalyses only a one-electron oxidation of acetaminophen (50) . A similar phenomenon may exist for peroxidatic metabolism of ABZ. Increased adduct formation elicited by PHS would suggest that peroxidases, which produce two-electron products, may evoke a greater carcinogenic potential than peroxidases that elicit only oneelectron products. ABZ-elicited mutations in Salmonella typhimurium were only observed with PHS, not horseradish peroxidase (29) .
The major HPLC peak (~10% of total recovered [ 3 H]ABZ radioactivity) was observed following PHS metabolism coeluted with 4-nitro-4Ј-acetylaminobiphenyl using several different solvent systems. This metabolite was not detected with horseradish peroxidase. This is consistent with a previous study that demonstrated 4-nitro-4Ј-acetylaminobiphenyl as a product of synthase, but not horseradish peroxidase metabolism (29) . The mechanism by which this compound is formed is not known, but may involve a free radical mechanism. A similar mechanism of metabolism may occur during PHSmediated metabolism of 2-aminofluorene to 2-nitrofluorene (51). 4-Nitro-4Ј-acetylaminobiphenyl appears to be a stable end-product since further metabolism by synthase was not observed.
PHS is located in distinct subcellular compartments. There are two PHS isozymes, COX-1 and COX-2, which are encoded by two different genes (52, 53) . COX-1 is the constitutive enzyme, while COX-2 is inducible. Using murine 3T3 cells and human and bovine endothelial cells, COX-1 is predominately localized to the endoplasmic reticulum, with COX-2 localized to both the endoplasmic reticulum and nuclear envelope (54) . Induction of COX-2 is associated with cell differentiation and replication, events attributable to cell nuclear activity (55) (56) (57) . COX-2 inducing agents include cytokines, growth factors, tumor promoters and environmental toxins (i.e. 2,3,7,8,-tetrachlorodibenzo-p-dioxin). The differential location and induc-915 ibility of these isozymes may be important in target tissue activation of carcinogenic aromatic amines.
In summary, this study has demonstrated peroxidatic activation of ABZ to form dGp-ABZ. Thus, peroxidation may be an alternative to cytochrome P450-mediated N-oxidation. PHS is thought to peroxidatically metabolize ABZ to its twoelectron oxidation product, which reacts to form dGp-ABZ. The lack of effect of the radical scavenger DMPO and the possible formation of a thioether conjugate are consistent with this hypothesis. Figure 3 illustrates proposed pathways involved in benzidine-initiated bladder carcinogenesis. The pathways include the following: (i) benzidine is N-acetylated (14, 58) and then NЈ-glucuronidated in human liver (59, 60) ; (ii) ABZ NЈ-glucuronide is transported by the circulation to the kidney and excreted into the bladder lumen (59,60); (iii) ABZ NЈ-glucuronide is hydrolyzed to ABZ by acidic urine, and ABZ is transported into the urothelium (61); and (iv) ABZ is activated by PHS (22, 24) to form dGp-ABZ, which may cause mutations (6-8) that eventually result in tumor formation (1, 13) . Peroxidatic activation may be responsible for dGp-ABZ formation in peripheral white blood cells of workers exposed to benzidine (62) . Understanding the mechanism by which mutagenic DNA adducts form is essential for designing strategies for preventing adduct formation.
